Nitrogen (N) fertilizer recommendations made without adequate knowledge of the N supply capability of a soil can lead to inefficient use of N. Proper crediting of N from manure and legumes as well as mineralization of N from organic matter is difficult. Remote sensing techniques that use the crop to indicate its N status show considerable promise for improving N management. Objectives of this paper were twofold: 1) to compare the N Reflectance Index (NRI) calculated from ground-based radiometer measurements acquired over irrigated corn (Zea mays L.) at a nadir view (0Њ) and an oblique view (75Њ) with measured plant N and 2) to evaluate the NRI obtained from both view angles for correcting in-season N deficiencies in a commercial corn field. The NRI calculated from canopy reflectance was not representative of plant N at the sixth leaf growth stage (V6) for either view angle because of the soil background influence on canopy reflectance. However, the oblique view NRI was a good predictor of plant N at V9 and V12 as was www.dekker.com
INTRODUCTION
A survey of nutrient use in the US indicated that nitrogen (N) fertilizer from commercial sources was applied to 97% of the area planted to corn (AREI Updates, 1996) . Schepers et al. (1995) reported that 50 to 80% of the N fertilizer used on corn was applied prior to planting; however, this practice varies with location. Less than 20% of the total N uptake by corn occurs prior to the late side dress (eight mature leaves) application time . Consequently, considerable nitrate leaching can occur when all the N fertilizer is applied before or at planting due to excessive Spring rainfall or irrigation. Concerns related to nitrate contamination of ground and surface water supplies resulting from inefficient use of N fertilizer have precipitated research to increase N use efficiency beyond current best management practices.
Efficient nitrogen fertilizer management can be defined as managing N fertilizer so the crop uses as much of the applied nitrogen as possible each year (Ferguson et al., 1994) . To accomplish this, producers must be aware of the various sources of N available to the crop other than fertilizer and how to minimize N loss. The total amount of N required must be determined from reasonable estimates of yield, residual soil nitrate-nitrogen, and soil organic matter followed by an evaluation of N credit from other sources such as irrigation water, legumes, and manure. Proper crediting of N from legumes and manure as well as mineralization of N from organic matter (which can provide substantial inorganic N to a crop) is difficult to predict. Rather than attempting to predict the N supply capability from these sources, it may be easier to allow the crop to indicate its N status (Ferguson et al., 1994; 1998) and respond accordingly.
Plant N can be estimated from tissue sampling, chlorophyll meter measurements (Piekielek and Fox, 1992; Schepers et al., 1992; Wood et al., 1992) , and remote sensing (McMurtrey et al., 1994; Blackmer et al., 1996; Stone et al., 1996) . Tissue sampling for nitrogen availability is well documented and requires considerable effort for sample collection and processing. In addition, results are not immediately available. Blackmer and Schepers (1995) demonstrated use of the Minolta 1 SPAD chlorophyll meter and the N Sufficiency Index (NSI), i.e., SPAD measurements for an area of interest normalized to SPAD measurements for a reference area that is not N deficient, as effective tools to schedule N fertigation for corn ''as needed'' by the crop. Data obtained with the SPAD chlorophyll meter is a point measurement on a single leaf from a single plant. Peterson et al. (1993) indicate that care must be taken during collection of these measurements because individual readings may vary up to 15% from plant to plant. Thus, many plants must be sampled to obtain a representative average value to adequately assess the plant N status for the particular sampling date. Remote sensing has the capability of sampling a plant community (a function of pixel size) rather than a single point on a single plant and of rapidly assessing the spatial variability in a field. Stone et al. (1996) developed a plant nitrogen spectral index (PNSI) for correcting in-season wheat N deficiencies from canopy radiance data measured in the red (671Ϯ6 nm) and near-infrared (780Ϯ6 nm) portions of the electromagnetic spectrum. The PNSI is the absolute value of the inverse of the normalized difference vegetation index (NDVI) which requires red and nearinfrared (NIR) spectral data. Variable N rate treated plots based on the PNSI resulted in a total N savings between 32 and 57 kg N ha Ϫ1 when compared to fixed rate topdress N rate plots. Blackmer et al. (1996) presented spectroradiometer measured reflected radiation of corn at the dent growth stage [R5 (Ritchie et al., 1986) ] which showed that canopy radiance near 550 nm and 710 nm was superior to canopy radiance near 450 nm or 650 nm for detecting N deficiencies. Their results also showed that the ratio of canopy radiance in the 550-to 600-nm interval to the 800-to 900-nm interval provided sensitive detection of N stress. Based on results presented by McMurtrey et al. (1994) and others that have reported nutrient deficiency effects on leaf reflectance, developed a N Reflectance Index (NRI) to monitor plant N status of irrigated corn from green (520 to 600 nm) and NIR (760 to 900 nm) canopy reflectance. The NRI was defined as a ratio of the NIR /green for an area of interest to the NIR /green for a well N-fertilized reference area. Comparison of the NRI and the NSI produced a near 1 : 1 relationship for corn growth stages between V11 and R4. Data plots of the NRI versus plant tissue total N concentration and the NSI versus plant tissue total N concentration produced very similar slopes and intercepts.
The NRI presented by was calculated from ground-based radiometer measurements acquired from a nadir view (0Њ) angle, i.e., perpendicular to the crop surface. Based on data presented by , comparisons between measured and estimated plant total N (all leaves) indicated that the NRI represented the N status in corn when the soil background was obscured by the crop canopy. Thus, a nadir viewing radiometer is useful when the corn canopy effectively obscures the soil surface which may occur by the V12 growth stage (12 mature leaves). Hergert et al. (1995) reported that rapid N uptake by corn begins about the tenth leaf stage (V10). Thus, remotely sensed data for N deficiency assessment in corn must adequately represent the plant N status prior to the V10 growth stage. The objective of this paper is twofold: 1) to compare the NRI calculated from ground-based radiometer measurements acquired at a nadir view (0Њ) angle and an oblique view (75Њ) angle to measured plant N and 2) to evaluate the NRI calculated from canopy reflectance data obtained from both view angles for correcting in-season corn N deficiencies in a commercial corn field. Evaluation of the NRI to detect in-season N deficiencies in irrigated corn was conducted on a commercial farm northeast of Wiggins during the 1999 growing season. The field used in this study contained a sandy soil, had considerable topographic relief, and was center-pivot irrigated. A portion of the field was selected for the experiment as shown in figure 1 (shaded truncated wedge). The rotated three dimensional view of the topographic map depicts the elevation differences (4.9 m) that existed within the study area. The full wedge was 3.8 ha in size and consisted of three soil types. The hill area was a Valentine fine sand (Mixed, mesic Typic Ustipsamments) which made up two-thirds of the area; the low area contained a Bijou loamy sand (Coarse-loamy, mixed, superactive, mesic Ustic Haplargids) and a Truckton coarse sandy loam (Coarse-loamy, mixed, superactive, mesic Aridic Argiustolls). The cooperating farmer applied 56 kg N ha Ϫ1 , 90 kg K ha Ϫ1 , and 11 kg S ha Ϫ1 on 26 April (DOY 116); the field was ripped and disc harrowed the following day. Corn (Pioneer hybrid 35R58, erectophyle canopy) was planted on 7 May (DOY 127) at 84,700 seeds ha Ϫ1 ; a starter fertilizer solution consisting of 28 kg N ha Ϫ1 , 39 kg P ha Ϫ1 , 6 kg S ha Ϫ1 , and 1 kg Zn ha
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was applied at planting. Row direction was 50Њ from north. A reference area (shaded rectangle in figure 1 ) was established by applying 132 kg N ha Ϫ1 to 16 rows on 24 June, DOY 175 (V7 growth stage). Timing of additional N (UAN) applied to the wedge during the growing season via fertigation was based on the NRI; the amount of N applied was the farmer's decision. The farmer fertigated the remainder of the field (outside the wedge) at his discretion.
Plant measurements consisting of leaf area, SPAD, plant tissue samples, and canopy radiance were made at ARDEC. All measurements were made on the same day; cloud-free days were selected when possible. In 1995, these measurements were made on 10 July (V6), 25 July (V9), 1 Aug. (V12), 7 Aug. (V15), and 28 Aug. (R2); in 1996, measurement dates were 18 June (V5), 24 June (V6), 2 July (V7), 11 July (V9), 17 July (V12), 22 July (V14), 31 July (R1 for hybrid 3790 and V16 for hybrid 1498), 6 Aug. (VT for hybrid 1498), 13 Aug. (R2 for 3790 and R1 for 1498), and 3 Sept. (R4 for 3790 and R3 for 1498). Canopy radiance and SPAD were measured at Wiggins in 1999 on 25 June (V7), 1 July (V8), 8 July (V10), 14 July (V12), 21 July (V15), 26 July (VT/R1), 11 Aug (R2), 16 Aug (R3).
Leaf area was measured with a portable Li-Cor LI-3000A area meter to evaluate plant growth differences between N treatments. Ten plants selected at random within each treatment were measured, and the leaf area index (LAI) was calculated based on plant population.
SPAD chlorophyll meter measurements were taken using procedures outlined by Peterson et al. (1993) . These measurements were made on 30 representative plants in each treatment; the average SPAD value (as calculated by the meter) was recorded. The most recently mature leaf (leaf collar exposed) was used at each measurement date until tasseling (VT); at that time and thereafter the ear leaf was measured. A modified SPAD meter with RS-232 output was interfaced with a backpack differential GPS receiver (Trimble Ag-132) and a StarLogger (Spectrum Technologies, Inc.) datalogger for spatial SPAD measurements at the commercial farm site.
Eight plants were removed from each treatment at ARDEC for N analysis. Plants were separated into leaves and stems; each component was a composite sample for each N treatment. Plant samples were oven dried at 65Њ C for 24 h and ground. Subsamples were weighed and placed in a LECO, model CHN-1000, analyzer; the analyzer used the Dumas method (Bremner and Mulvaney, 1982) which is a dry oxidation (combustion) technique. Analyzer output was expressed as total N (%).
Corn canopy radiance and incoming irradiance were measured simultaneously with a boom-type data acquisition system similar to that described by Bausch et al. (1990) . The boom was mounted on a high-clearance tractor for field access. This system consisted of two instrument platforms with Exotech 100BX four-band radiometers and a Campbell Scientific Inc. (CSI) datalogger (a CSI 21X was used in 1995 and 1996 while a CSI 23X was used in 1999) to sample and store radiometer sensor voltages as well as time of measurement. One instrument platform was attached to the boom; the other was mounted on the tractor's roll over protection system (ROPS). Both instrument platforms provided two-way leveling to keep the radiometers level. The down-looking radiometer (on boom) measured target radiance and was fitted with 15Њ field of view (FOV) optics; it was fixed in its nadir position (0Њ view angle), i.e., pointed perpendicular to the crop surface. The other radiometer (on tractor ROPS) looked upward to measure irradiance; its FOV was 180Њ. Height of the down-looking radiometer above ground was 10 m; the viewed spot was circular with a diameter of 2.6 m. A third Exotech four-band radiometer (15Њ FOV) was positioned near the right side of the tractor on a vertical support; its view was perpendicular to the crop rows. The radiometer mounting bracket was fixed at a 15Њ angle below the horizontal such that the radiometer measurement represented a 75Њ view. This angle was selected to minimize the amount of soil viewed by the radiometer for crop canopy radiance measurements. With this radiometer positioned 1 m above the crop canopy, the viewed spot was an ellipse with dimensions of 5.2 m (major axis) and 1.2 m (minor axis). The center of the ellipse was within 0.4 m of the center of the circular spot viewed from the nadir-positioned radiometer. The 75Њ-view radiometer was adjusted to 1 m above the mean canopy height before each measurement session.
Radiant energy was measured in discrete wavebands in the blue, green, red, and near-infrared (450 to 520 nm, 520 to 600 nm, 630 to 690 nm, and 760 to 900 nm, respectively) which are similar to the Landsat Thematic Mapper wavebands. Measurements were taken around solar noon for the north/south row direction at the ARDEC site and around 2:15 PM MDT at the commercial farm site to ensure that the solar azimuth angle was approximately parallel to the crop rows. Data points were acquired and stored every 2 s when the datalogger was triggered to record data. Each data point consisted of canopy radiance from 25 to 35 plants (nadir view) depending on crop height and approximately 35 plants for the 75Њ view. Position (longitude and latitude) of each data point was determined with real-time differential GPS equipment (Ashtech SCA-12). The differential correction from the base station receiver was transmitted to the rover receiver using FreeWave Technologies Inc. DGR-115H Wireless Data Transceivers. The rover GPS antenna was mounted on the instrument platform directly above the down-looking radiometer; accuracy of the instantaneous horizontal position was sub-meter.
Canopy reflectance was calculated for each waveband based on an intercalibration of the up-looking radiometer and the target-viewing radiometers with respect to a calibrated BaSO 4 panel (Neale, 1987) . The computer program that calculated canopy reflectance from measured radiometer voltages also associated the GPS position with canopy reflectance data. This data file was imported into ArcView for calculation of the NRI and to map its spatial variation if desired. Zonal statistics (mean, standard deviation, min, max) for areas of interest were calculated within ArcView. The N Reflectance Index (NRI) was calculated as a ratio of the NIR /green for each individual data point to the mean NIR /green from the reference area. Figure 2 shows relationships between leaf total N and the N Sufficiency Index (NSI), NRI-nadir view, and the NRI-75Њ view at the V6, V9, and V12 growth stages for combined 1995 and 1996 growing season data. LAI (excluding the two low N treatments) varied from 0.4 to 0.6 at V6, from 1.9 to 2.5 at V9, and from 2.8 to 3.3 at V12. Canopy ground cover (average value) determined from 35 mm slides was 28 %, 66 %, and 85 % at V6, V9, and V12, respectively. For this study, corn in its V12 growth stage was considered to be at effective cover based on general guidelines (LAI ϭ 3 and/or 75 % ground cover) presented by Stegman et al. (1980) .
RESULTS AND DISCUSSION
Effect of View Angle on the NRI
Comparison of the NRI versus leaf total N relationships to the NSI versus leaf total N relationship gave an indication of how well the NRI calculated from the two radiometer view angles represented the plant N status at the particular growth stage. The assumption was that the NSI adequately represented plant N since SPAD measurements were directly made on the plant leaves. Table 1 lists linear regression parameters (slope, intercept, and coefficient of determination) for each relationship. At the V6 growth stage, the NRI calculated from canopy reflectance acquired from a nadir view or a 75Њ view radiometer was not representative of plant N because of the soil background influence on canopy reflectance. However, the 75Њ view NRI data points were clustered more tightly about the regression line than the nadir view NRI data which indicates that more plant and less soil was visible; this was more evident at the V9 and V12 growth stages. Also, the 75Њ view NRI versus total N relationship at the V9 and V12 growth stages had regression slopes similar to the NSI-total N relationship. Based on the coefficient of determination, the 75Њ view NRI was as good as the NSI for predicting plant N at the V9 and V12 growth stages. The nadir view NRI versus leaf total N relationship was as good as the 75Њ view NRI and the NSI relationships at the V12 growth stage. The nadir view NRI also produced a good relationship with leaf total N at the V9 growth stage. However, the nadir view NRI is not as sensitive as the 75Њ view NRI to plant N at these growth stages because soil is still visible through the canopy; as such, the nadir view NRI provides a conservative estimate of the plant N status prior to complete canopy cover.
Based on the suggestion by Hergert et al. (1995) that most of the nitrogen fertilizer needs to be applied prior to the tasseling stage to maximize the effect of applied N, NSI and NRI data were plotted against each other for the V9 through V16 growth stages to determine their relationship during rapid corn growth. Figure 3 shows the NSI versus the NRI calculated from nadir and 75Њ view canopy reflectance data. Data from 1995 and 1996 (both canopy architectures) were included. The relationships had nearly identical coefficients of determination; however, the 75Њ view NRI data had less scatter. Peterson et al. (1993) indicated that a NSI value less than 0.95 represented an N deficiency that should be corrected to minimize yield reduction; using this threshold, the NRI calculated from either relationship (NSI vs. nadir view NRI or NSI vs. 75Њ view NRI) would also be 0.95. This NRI threshold was identical to that presented by for the V11 through R4 growth stages of corn. Therefore, a NRI less than 0.95 represents an N deficiency that needs correcting by applying additional N. Temporal plots of the NRI for the 1996 growing season (V6 to R4) are presented in figures 4 and 5 for the 84, 112, and 168 kg N ha Ϫ1 N levels. Figure 4 shows the NRI calculated from the nadir view radiometer data for the (a) planophyle and (b) erectophyle canopy architectures while figure 5 shows the NRI calculated from the 75Њ view radiometer data. These plots show that the 84 and 112 kg N ha (DOY 208 for planophyle and DOY 218 for erectophyle) and thereafter, the NRI calculated from 75Њ view radiometer data (Fig. 5) increased whereas the NRI calculated from nadir view data (Fig. 4) had minimal or no increase in value. Emergence of the tassel has a dramatic effect on canopy reflectance calculated from an oblique view radiometer due to its lighter color and possibly due to pollen grains on the corn leaves.
Evaluation of the NRI
Canopy reflectance was acquired at the commercial farm site starting on 25 June (DOY 176) at the V7 growth stage and at least once a week thereafter until the corn tasseled. By this time three fertigations (28 kg N ha Ϫ1 each) had been applied to the field excluding the wedge. Mean values for the NRI and NSI within the wedge area as well as corn growth stage are presented in Table 2 at each data measurement session. On DOY 176, the nadir view NRI indicated an N deficiency; the 75Њ view NRI did not. Since this measurement was relatively early in the growing season, the nadir view radiometer was still ''seeing'' considerable soil whereas the 75Њ view radiometer saw mostly plant material. Consequently, no fertigation was recommended. Figure 6 shows the spatial variation of the NRI calculated from canopy reflectance data acquired on DOY 182 from the (a) nadir view and (b) 75Њ view as well as (c) the NSI calculated from SPAD data. Ten transects as shown in figure 1 were used for data collection. The transect (GPS position of radiometer data) marked the center of the radiometer's field-of-view. SPAD data were collected within three rows of each transect. Radiometer data were acquired in approximately 0.5 hr while spatial SPAD data collection took around 1.5 hr. As depicted in figure 6a , the nadir view NRI showed the sand hill area within the wedge as being N deficient. This was probably more related to the soil background influence on canopy reflectance than N status of the plant because the 75Њ view NRI (Fig. 6b) showed only small N deficient spots. The NSI (Fig. 6c) showed isolated N deficient areas which were not as large as the area indicated by the nadir view NRI. Since this was a commercial farm site with a goal to be economically viable, the nadir view NRI was selected for recommending fertigation because less risk of reducing marketable yield was involved. The nadir view NRI had a mean value of 0.95 (Table 2) , however, a significant area within the wedge showed as N deficient. Thus, fertigation of the wedge was recommended. An irrigation had started on DOY 182 and the cooperating farmer fertigated the wedge with 13.4 kg N ha Ϫ1 as the sprinkler passed over the area. Nadir view NRI values calculated from data collected on DOY 189, 195, and 202 indicated that the wedge needed fertigating on each of these days (Table 2) . For DOY 195, the nadir view NRI was estimated from the mean NSI calculated from SPAD data by utilizing the relationship presented in figure 3 . The leveling mechanism for the nadir view radiometer platform malfunctioned that day; consequently, the radiometer's view was not 0. Data acquired on DOY 207 showed a response (NRI changed from 0.91 to 0.94) to the fertigation that was recommended on DOY 202. Unfortunately, the wedge did not get fertigated until DOY 204; therefore, additional N was not applied because the plants were probably still responding to the N application. Due to prolonged cloudy conditions, data were not acquired again until DOY 223. Data for that day and the next acquisition (DOY 228) showed that corn N deficiencies were corrected by the fertigation on DOY 204. N amounts applied via fertigation during the growing season to the field and the wedge (in addition to preplant and starter fertilizer) are given in Table 3 . Ad- . Mean grain yield within the wedge area was slightly less.
Utilization of the 75Њ view NRI to recommend fertigation would have saved additional N. From data presented in Table 2 and shown by figure 6b, fertigation would not have been recommended on DOY 182. The fertigation on DOY 189 could have possibly been skipped also; however, that is purely speculative since 13.4 kg N ha Ϫ1 was applied on DOY 182. The ultimate goal for increasing nitrogen use efficiency via remotely sensed data is not only to detect N deficiencies, but also to estimate the amount of N that should be applied when an N deficiency is detected instead of guessing at the application as was done in this study. Diker (1998) developed an empirical approach for estimating the available soil N status as well as the N fertilizer required by using plant N as an indicator. Relationships between inorganic soil N (NO 3 ϩ NH 4 ) and plant N as well as plant N and the NRI were developed at several corn growth stages from the ARDEC small plot N fertilizer level studies. The 168 kg N ha Ϫ1 N level was considered to be optimal soil N to support plant growth because plant N deficiencies did not develop (Figs. 4 and 5 ). In addition, grain yield between the 168 and 224 kg N ha Ϫ1 N levels were not significantly different. To obtain the suggested N amount to apply, an estimate of available inorganic soil N obtained from estimated plant N was subtracted from the optimal inorganic soil N at the particular growth stage. Optimal inorganic soil N levels at the V9, V12, V15, and R1 growth stages were 127, 115, 101, and 90 kg N ha Ϫ1 . Relationships presented by Diker and Bausch (1998) were used to estimate the N fertilizer amount for the commercial farm site study. Table 4 gives these estimates based on the nadir view NRI. For DOY 182 and 189, the soil N equation developed for the V9 growth stage was used; the respective soil N equations (V12, V15, and R1) were used for DOY 195, 202, and 207 . The N application estimate on DOY 182 was similar to that applied while the estimate on DOY 189 (24.6 kg N ha Ϫ1 ) was probably more realistic for an application than the 13.4 kg N ha Ϫ1 that was applied. However, estimates for DOY 195 and 202 are obviously low. This is because the optimal inorganic soil N at specific growth stages is probably somewhat greater for the sandy soils at the commercial farm site than for the heavier textured soil at the ARDEC site which provides less chance for leaching when using best water management practices. The N application estimate for DOY 207 was 0 kg N ha Ϫ1 (actually Ϫ0.2) which indicated that sufficient soil N was available at that growth stage.
CONCLUSIONS
The N Reflectance Index (NRI) calculated from ground-based canopy reflectance data acquired from the nadir view and the 75Њ view at the V6 growth stage of corn was not representative of plant N because of the soil background influence on canopy reflectance. The 75Њ view NRI was a good predictor of plant N at the V9 and V12 growth stages while the nadir view NRI was a good predictor at the V12 growth stage. The nadir view NRI also produced a good relationship with leaf total N at V9, but it is not as sensitive as the 75Њ view NRI because soil is visible through the canopy. Consequently, the nadir view NRI provides a conservative estimate of the plant N status of corn prior to complete canopy cover.
Relationships developed between the NRI (both views) and the NSI from data representing the V9 through V16 corn growth stages had nearly identical coefficients of determination. However, the 75Њ view NRI data had less scatter. Based on these relationships and the accepted NSI threshold of 0.95 to indicate an N deficiency, a NRI less than 0.95 also indicates an N deficiency that needs correcting by applying additional N.
Evaluation of the NRI to correct corn N deficiencies during the 1999 growing season resulted in saving 39.2 kg N ha Ϫ1 without decreasing grain yield. This was accomplished using the nadir view NRI; use of the 75Њ NRI could have saved additional N by skipping the first fertigation.
